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Yersinia pseudotuberculosis uses a plasmid (pYV)-encoded type III secretion system (T3SS) to translocate a
set of effectors called Yops into infected host cells. YopJ functions to induce apoptosis, and YopT, YopE, and
YopH act to antagonize phagocytosis in macrophages. Because Yops do not completely block phagocytosis and
Y. pseudotuberculosis can replicate in macrophages, it is important to determine if the T3SS modulates host
responses to intracellular bacteria. Isogenic pYV-cured, pYV� wild-type, and yop mutant Y. pseudotuberculosis
strains were allowed to infect bone marrow-derived murine macrophages at a low multiplicity of infection
under conditions in which the survival of extracellular bacteria was prevented. Phagocytosis, the intracellular
survival of the bacteria, and the apoptosis of the infected macrophages were analyzed. Forty percent of
cell-associated wild-type bacteria were intracellular after a 20-min infection, allowing the study of the mac-
rophage response to internalized pYV� Y. pseudotuberculosis. Interestingly, macrophages restricted survival of
pYV� but not pYV-cured or �yopB Y. pseudotuberculosis within phagosomes: only a small fraction of the pYV�

bacteria internalized replicated by 24 h. In addition, �20% of macrophages infected with wild-type pYV� Y.
pseudotuberculosis died of apoptosis after 20 h. Analysis of yop mutants expressing catalytically inactive effectors
revealed that YopJ was important for apoptosis, while a role for YopE, YopH, and YopT in modulating
macrophage responses to intracellular bacteria could not be identified. Apoptosis was reduced in Toll-like
receptor 4-deficient macrophages, indicating that cell death required signaling through this receptor. Treat-
ment of macrophages harboring intracellular pYV� Y. pseudotuberculosis with chloramphenicol reduced apop-
tosis, indicating that the de novo bacterial protein synthesis was necessary for cell death. Our finding that the
presence of a functional T3SS impacts the survival of both bacterium and host following phagocytosis of Y.
pseudotuberculosis suggests new roles for the T3SS in Yersinia pathogenesis.

Three species in the genus Yersinia are pathogenic for hu-
mans: the genetically closely related Y. pseudotuberculosis and
Y. pestis and the more distantly related Y. enterocolitica (1, 52).
These bacteria share a common tropism for lymphoid tissues
and the ability to resist the host protective innate immune
responses, even though their routes of transmission are quite
different. Y. pseudotuberculosis and Y. enterocolitica are trans-
mitted through contaminated food or water, while Y. pestis is
transmitted through flea bites or aerosols (32, 52). A plasmid-
encoded type III secretion system (T3SS) and a set of secreted
toxins called Yops are required for the virulence of these
bacterial pathogens (10). Contact with a host cell initiates the
T3SS to inject a set of six Yop effector proteins, namely, YopE,
YopH, YopJ, YopT, YopM, and YpkA, into the cytosol of the
eukaryotic cell (10, 50). YopB and YopD have been implicated
in the formation of a transmembrane channel, or translocon,
that functions to deliver Yop effectors across the host plasma
membrane (10, 13, 50). Upon delivery into a host cell via a
T3SS translocon, Yop effectors modulate eukaryotic signaling
pathways for the benefit of the bacterial pathogen (50). T3SSs

are found in a number of other gram-negative pathogens, such
as Salmonella enterica, where they play key roles in promoting
bacterial pathogenesis (13, 19).

Expression and secretion of the Yops is regulated by tem-
perature and other environmental signals. Upon shift of the
growth temperature from 26°C to 37°C, the transcription of
genes that encode the T3SS and the Yops is upregulated (7,
12). This gene expression increases further once the bacteria
come into contact with eukaryotic cells, and only then are the
Yop effector proteins secreted (33). At 37°C in vitro, decreas-
ing the Ca2� concentration to a micromolar level stimulates
Yop secretion into growth media (10). This low-Ca2� condi-
tion has been adopted by many researchers to maximally in-
duce the production of Yops to assess their roles in pathogen-
esis. However, this condition may not reflect what happens in
vivo. The total Ca2�concentration in serum is as high as 2.5
mM and it could be much higher in the small intestine. Milli-
molar levels of Ca2� do not allow maximum Yop production
and inhibit their secretion (9). Therefore, before Yersinia en-
counters host cells such as macrophages in vivo, it is unlikely
that Yops are maximally expressed or secreted.

Several Yops, including YopH, YopE, YopT, and YpkA,
interfere with the proper function of the actin cytoskeleton and
therefore inhibit the phagocytosis of Yersinia (2, 15, 36, 37).
YopH is a protein tyrosine phosphatase (5, 16, 57). YopE is a
GTPase-activating protein; it inactivates the Rho family of
small GTPases (4, 51). YopT is a cysteine protease that cleaves
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at the C termini of the Rho GTPases, thereby preventing
membrane anchoring (42). YpkA contains a serine/threonine
kinase domain and a GDI domain interacting with members of
the Rho family GTPases (3, 23, 34). Because the Rho family of
small GTPases are key regulators of the actin cytoskeleton,
YopE, YopT, and YpkA/YopO all function to perturb actin
cytoskeleton dynamics and interfere with bacterial uptake by
macrophages. However, even when Yops are maximally ex-
pressed before infection, one-third to one-half of the bacteria
that come in contact with cultured macrophages are internal-
ized (15, 36, 37). Thus, Yop-expressing Yersinia reduces, but
does not completely block, their uptake by macrophages.

In addition to countering phagocytic mechanisms, Yops are
important for reducing cytokine production by macrophages.
Tumor necrosis factor � (TNF-�) is a multifunctional proin-
flammatory cytokine secreted by macrophages following infec-
tion. YopJ is required by Yersinia to inhibit the production of
TNF-� in macrophages infected in vitro (6, 30). Furthermore,
YopJ, YopE, and YopT function in concert to inhibit the
production, maturation, and secretion of interleukin-1� by
macrophages (41). In this context, YopT and YopE catalytic
activities have been shown to inhibit pore formation by the
T3SS translocon (50). In the absence of YopT and YopE, pore
formation in macrophages infected with Y. enterocolitica at a
high multiplicity of infection (MOI) can result in the activation
of caspase-1, the maturation and secretion of interleukin-1�,
and cell death (41, 43).

YopJ has acetyltransferase activity and acetylates the Ser
and Thr residues critical for the activation of the mitogen-
activated protein (MAP) kinase kinases and the inhibitor �B
kinase �. This activity allows YopJ to repress signaling through
the MAP kinase and nuclear factor �B (NF-�B) pathways and
to inhibit the production of proinflammatory cytokines (28).
YopJ is also required by Yersinia to induce the apoptosis of
infected macrophages (24, 26, 27, 39, 56). However, for YopJ-
induced apoptosis to occur, a signal is required to activate the
intrinsic apoptotic machinery in macrophages (29, 54). Infec-
tion with gram-negative bacteria activates both a proinflam-
matory pathway and an apoptotic pathway of the macrophage;
for example, Toll-like receptor 4 (TLR4) can initiate both of
these two pathways (18, 53, 55). Normally, the activation of
MAP kinases and NF-�B, two key components of the proin-
flammatory pathway that leads to the secretion of TNF-�,
counteracts the apoptotic pathway; since YopJ blocks these
protective pathways, macrophages rapidly undergo apoptosis
by default following infection with Yersinia (56). Thus, YopJ
does not induce apoptosis per se, but through inhibiting the
survival pathway, YopJ allows the intrinsic apoptotic pathway
of macrophages to prevail.

Y. pseudotuberculosis is generally considered an extracellular
pathogen in vivo (45), and therefore most studies have exam-
ined the function of the T3SS and Yops in promoting patho-
genesis from outside the host cell. However, recent studies
have shown that Y. pseudotuberculosis shares with Y. pestis the
ability to survive and replicate in murine macrophages (14, 35).
Studies analyzing the survival of Y. pseudotuberculosis and
other Yersinia species in macrophages have generally utilized
bacteria grown at 26°C, and therefore the T3SS is not primed
to translocate Yops during phagocytosis (14, 35). Because Yer-
sinia grown at 37°C can be phagocytosed by macrophages (15,

36, 37), it is important to determine if T3SS and Yop activities
modulate host responses to the intracellular bacteria.

Roy et al. obtained evidence that Y. pseudotuberculosis
primed to express the T3SS could survive in macrophages
following phagocytosis (38). However, the intracellular survival
of Y. pseudotuberculosis was significantly enhanced in macro-
phages defective for a calcium-regulated phagosome-lysosome
fusion pathway (38). It was proposed that the permeabilization
of plasma membrane by the T3SS translocon during bacterial
phagocytosis promotes calcium influx, increased lysosome fu-
sion with phagosomes, and decreased intracellular survival of
Y. pseudotuberculosis in murine macrophages (38). It is also
possible that the T3SS and the Yops could function to coun-
teract host responses and thus promote pathogenesis when the
bacterium is within an intracellular location.

Here we investigated how the deployment of the T3SS and
Yops during phagocytosis alters the macrophage response to
intracellular Y. pseudotuberculosis. Our results show that the
presence of a functional T3SS during phagocytosis decreases
the survival of the internalized bacteria but at the same time
allows intracellular Yersinia to kill the host cell by a TLR4 and
YopJ-dependent mechanism. We discuss how the outcome of
this interaction could influence Yersinia pathogenesis.

MATERIALS AND METHODS

Bacterial strains and infection conditions. The Y. pseudotuberculosis sero-
group I strain 32777 (previously known as IP2777 [44]) and its derivatives were
used in this study. Standard two-step allelic recombination techniques were used
to introduce specific codon substitutions into the coding sequences for YopJ,
YopT, YopE, and YopH in 32777. A suicide plasmid, pSB890-YopJC172A (56),
was conjugated into 32777 by use of Escherichia coli strain S17�pir. Integration
of this plasmid into the virulence plasmid was selected on Yersinia selection
medium (Oxoid) supplemented with tetracycline. The loss of pSB890 and the
replacement of the wild-type locus with yopJ(C172A) were achieved by selecting
for resistance to sucrose. The maintenance of the virulence plasmid was verified
on magnesium oxalate and Congo red agar. Clones containing yopJ(C172A) were
identified by PCR amplification of the entire coding region, followed by restric-
tion analysis and sequencing as described before (56). The resulting strain was
designated mJ. Similarly, pSB890 plasmids containing the coding sequences of
YopTC139A, YopER144A, and YopHR409A were used sequentially to gener-
ate multiple-yop-mutant strain 32777 mJTEH. To construct pSB890-
YopTC139A, the coding sequence of YopTC139A was released with BglII and
BamHI from plasmid pET28a-YopTC139A (42) and cloned into pSB890 at the
BamHI site. To confirm the presence of the resulting yopT(C139A) mutation, the
coding sequence of YopT was PCR amplified with primer T4 (5�-CGGATCCC
TGAGTCACCTATTGG-3�) and T3 (5�-TATGGTACCGCGCATATGATTGT
TT-3�) (49) and digested with BbvCI. Cleavage of the PCR product is diagnostic
for the presence of the mutation. To construct pSB890-YopER144A, the coding
sequence of YopER144A was released from pGEX2T-YopER144A (4) with
BamHI and ligated into the BamHI site of pSB890. To identify the resulting
yopE(R144A) mutation, the coding sequence of YopE was PCR amplified with
primer YopE prom (5�-GTCGACTATCAACTTAACCAAAGCACT-3�) and
YopE2 (5�-CGGGATCCCCATATCACATCAATGACA-3�) (49) and digested
with EarI. A lack of cleavage is diagnostic for the presence of the mutation. The
plasmid pSB890-YopHR409A and the method used to confirm the presence of
the yopH(R409A) mutation have been described before (22). The �yopB strain in
the 32777 background was created and identified as described before (30). All of
the mutations were further confirmed with sequencing following PCR amplifi-
cation. Plasmid p67GFP3.1 was introduced into these strains through conjuga-
tion as described before (35).

Infection conditions. To prepare bacteria for infection, overnight cultures
grown at 26°C in Luria-Bertani broth (LB) were diluted to an optical density at
600 nm (OD600) of 0.1 in LB broth supplemented with 2.5 mM CaCl2. The
cultures were shaken at 37°C for 2 h. Subsequently, all solutions coming in
contact with bacteria were prewarmed to 37°C. Bacteria were washed once and
resuspended in Hanks balanced salt solution (HBSS) and diluted into cell culture
medium (see next section) to infect macrophages at a MOI of 10. After centrif-
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ugation for 5 min at 200 	 g to bring the bacteria into contact with the macro-
phages, an incubation was performed at 37°C for 15 min; therefore, a total of 20
min was allowed for the cells to take up the bacteria. Next, the cells were washed
with phosphate-buffered saline (PBS) gently and incubated in cell culture me-
dium containing gentamicin (8 
g/ml) for 1 h to kill extracellular bacteria. The
cells were washed again with PBS and incubated in medium containing genta-
micin (4.5 
g/ml) until the time indicated. Where indicated, isopropyl-�-D-
thiogalactopyranoside (IPTG) was added at 0.5 mM for 1 h to induce green
fluorescent protein (GFP) expression.

Macrophage cultures. C57BL/6 and C57BL/10ScNJ mice defective for the
expression of TLR4 (Tlr4lps-del mice) were obtained from Jackson Laboratory.
Bone marrow-derived macrophages (BMDMs) were obtained as previously de-
scribed (8). Twenty-four hours before infection, the cells were seeded into
multiwell plates or chambers in Dulbecco’s modified Eagle’s medium containing
15% L-cell conditioned medium, 10% fetal bovine serum (Gibco), 1 mM pyru-
vate, and 2 mM glutamate. To analyze the percentage of bacterial phagocytosis,
BMDMs were seeded at a density of 0.9 	 105 cells/chamber into eight-chamber
Lab-Tek Permanox slides (Nunc Inc.). For electron microscopy, BMDMs were
seeded on Rinzyl in six-well plates at a density of 1 	 106 cells/well. For all other
assays, the BMDMs were seeded at a density of 1.5 	 105 cells/well in 24-well
tissue culture plates.

To quantify the percentages of BMDMs carrying live bacteria at different
times postinfection, after GFP expression was induced for 1 h, sequential images
of green fluorescence and phase contrast were taken from a random field by use
of a Zeiss Axiovert S100 microscope with a 32	 objective. The numbers of cells
that carry no bacteria, that carry one to five bacteria, and that carry more than
five bacteria were enumerated after the images were assembled in Adobe Pho-
toshop.

Immunofluorescence microscopy. To analyze the percentage of bacterial
phagocytosis, GFP expression was induced in bacterial cultures before infection
to allow the detection of total bacteria. At the end of a 20-min uptake period, the
cells were washed and fixed in 4% paraformaldehyde in PBS at room tempera-
ture for 30 min. Extracellular bacteria were then immunolabeled with rabbit
anti-Yersinia antiserum SB349 followed by goat anti-rabbit antibody conjugated
to Alexa Fluor 594 (Molecular Probes) as described previously, except that the
permeabilization step was omitted (14). The slides were examined by epifluo-
rescence microscopy using a Zeiss Axioplan2 microscope equipped with a 100	
oil immersion objective. In each experiment, about 100 BMDM-associated
bacteria were counted from merged images of phase contrast and green and red
fluorescence captured with a Spot camera (Diagnostic Instruments, Inc.) and
assembled in Adobe Photoshop.

To analyze cell death, after infection and fixation, macrophage membranes
were permeabilized in 0.1% Triton X-100 in PBS for 10 min, followed by staining
with rabbit polyclonal anti-cleaved caspase-3 antibody (Trevigen) and secondary
antibody goat anti-rabbit immunoglobulin G conjugated to Alexa Fluor 594
(Molecular Probes). Alternatively, the cells were labeled with an in situ cell death
detection kit, TMR red (Roche), according to the manufacturer’s instructions.
Images of phase contrast and green (for GFP-positive bacteria) and red fluores-
cence were taken from a random field to count apoptotic cells. Most of the fields
contained more than 250 cells.

Viable count assay. After BMDMs were infected for the indicated times, the
medium was aspirated carefully and the cells were lysed with 500 
l of 0.1%
Triton X-100 in HBSS to release intracellular bacteria. After removal of the
lysate, the wells were then washed a second time with 500 
l of LB. These lysate
and wash solutions were combined and serially diluted to enumerate CFU on LB
plates.

Western blot analysis. Monoclonal antibodies to YopJ were produced by
immunizing mice with Y. pseudotuberculosis YopJ produced in insect cells (a
generous gift of Kim Orth, University of Texas Southwestern Medical Center).
Hybridomas were selected by screening YopJ-transfected 293T cells by immu-
noblotting and flow cytometry.

To detect the expression of YopJ in bacteria, bacterial lysates were resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to nitro-
cellulose membrane, and analyzed by immunoblotting with antibodies against
YopJ (clones C2 and D3) and DnaK (clone 8E2/2; Stressgen). Secondary anti-
body was IRDye800-conjugated anti-mouse immunoglobulin G (Rockland). The
membrane was then scanned with an Odyssey VI scanner (Li-Cor Biosciences).

TNF-� secretion. At the indicated times postinfection, tissue culture medium
was collected and subjected to centrifugation for 10 min at 200 	 g. TNF-�
concentration in the supernatant was measured with Quantikine mouse TNF-�
immunoassay from R&D Systems, Inc., following the manufacturer’s instruc-
tions.

LDH release. Lactate dehydrogenase (LDH) content in the supernatant col-
lected from infected wells or from wells left uninfected was measured in triplicate
with CytoTox 96 nonradioactive cytotoxicity assay (Promega) following the
manufacturer’s instructions. Total LDH was determined from separate un-
infected wells that had been lysed by a freeze-thaw cycle in the medium. The
percentage of LDH released was calculated with the following formula:
LDHreleased/LDHtotal.

Electron microscopy. After infection, the cells were washed with PBS and fixed
with 2% paraformaldehyde and 2.5% glutaraldehyde in PBS at room tempera-
ture for 30 min. This was followed by an additional wash step with PBS. Thin-
section transmission electron microscopy was carried out by the Central Micros-
copy Imaging Center at Stony Brook University. Digital images were acquired
with an FEI BioTwinG2 transmission electron microscope.

Statistical analysis. Percentage data was first transformed with the formula
log[�log(percentage)] to achieve Gaussian distribution. Statistical analysis was
performed with InStat software. The results were analyzed with repeated one-
way analysis of variance followed by the Tukey-Kramer multiple comparisons
test. A P value of less than 0.05 was considered significant.

RESULTS

Phagocytosis of plasmid-cured, wild-type, and Yop mutant
Y. pseudotuberculosis by BMDMs. YopE, YopH, YopT, and
YpkA all function to antagonize the phagocytosis of Yersinia by
macrophages (15, 36, 37). However, the inhibition of phago-
cytosis by these Yops is not complete. For example, using the
serogroup III strain YPIII of Y. pseudotuberculosis, Rosqvist et
al. showed that under conditions in which the expression of the
Yops was maximally induced before infection, a significant
percentage (�34%) of bacteria were phagocytosed (36). To
better understand the impact of the T3SS and Yops on the host
response to intracellular Y. pseudotuberculosis, we first needed
to determine the percentage of bacteria that would be phago-
cytosed by BMDMs under our experimental conditions. As a
wild-type strain we used the pYV� 32777 serogroup I strain,
which has been shown to survive and replicate in macrophages
(14). Derivatives of 32777 encoding catalytically inactive YopJ
(mJ) or catalytically inactive YopJ, YopT, YopE, and YopH
(mJTEH) were constructed and studied in parallel to the wild-
type strain to determine the importance of these Yops on
intracellular pathogenesis (see Materials and Methods). A
pYV-cured derivative of 32777 (32777c) was used as a T3SS
null control. To mimic an in vivo infection condition, we pre-
conditioned the bacteria by growth at 37°C in LB containing
2.5 mM CaCl2, which is sufficient to inhibit Yop secretion at
37°C (46). As shown by the results from immunoblotting
whole-cell lysates (Fig. 1A), bacteria prepared under these
conditions expressed low levels of YopJ (lane 1), which were
similar to the levels after the bacteria were incubated in tissue
culture medium (lane 2) but were dramatically lower than
when bacteria were cultured under maximally inducing condi-
tions (lane 3).

To determine the percentages of bacteria that would be
phagocytosed, the bacteria were used to infect BMDMs at a
MOI of 10 for 20 min, after which the numbers of cell-associ-
ated and internalized bacteria were enumerated by immuno-
fluorescence microscopy. To facilitate the detection of bacte-
ria, cultures of the various strains used were induced to express
GFP before infection. As shown in Fig. 1B, 68% of cell-asso-
ciated 32777c was phagocytosed by BMDMs. In comparison,
the wild-type 32777 and mJ strains were more resistant to
phagocytosis, as 39% and 42%, respectively, of the bacteria
coming in contact with BMDMs became intracellular (Fig.
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1B). The multiple Yop mutant mJTEH displayed an interme-
diate phenotype, with 56% internalization. These results con-
firmed that YopJ is not involved in antagonizing phagocytosis,
while YopT, YopE, and YopH do participate in this process
(15). Most importantly for this study, the fact that �40 to 56%
of the pYV� bacteria were phagocytosed allowed us to study
the impact of Yops on the response of macrophages to intra-
cellular Yersinia.

The presence of functional T3SS decreased the survival of
intracellular Y. pseudotuberculosis in BMDMs. Next, the fate of
the intracellular bacteria was determined. After initial contact
of non-GFP-expressing bacteria with BMDMs for 20 min, gen-
tamicin was included continuously in the medium at a low
concentration to prevent the growth of extracellular Yersinia
(35). At different times after the initial contact, IPTG was
added for 1 h to induce the expression of GFP from live
intracellular bacteria (GFP induction assay) (35) and the sam-
ples were examined by microscopy. One hour after the initial
contact, BMDMs contained from 1 to �10 GFP-positive bac-
teria per cell, depending on the antiphagocytosis ability of the
strain (Fig. 2A to D). At this time point, the BMDMs infected
with either wild-type 32777 or the mJ strain displayed a round
shape (Fig. 2B and C), which was less prominent in the cells
infected with 32777c or mJTEH. This rounding phenotype had
been linked to the effects of YopE and/or YopT on the actin
cytoskeleton (21, 37). As the incubation time was extended, the
number of BMDMs containing GFP-positive bacteria de-
creased, while in those BMDMs that remained infected, the
number of bacteria increased (Fig. 2E to L). In some cells,
after 24 h, the intracellular bacteria formed a cluster in which

individual bacteria could no longer be distinguished (Fig. 2I to
L). The decreases in the numbers of infected BMDMs were
similar for the cells infected with 32777, mJ, and mJTEH, while
a greater number of BMDMs infected with 32777c contained
GFP-positive bacteria (Fig. 2A, E, and I).

As a more quantitative approach to measure the intracellu-
lar survival of the different Y. pseudotuberculosis strains, the
numbers of bacterial CFU in macrophages at different times
postinfection were determined. Consistent with the results of
the GFP induction assay, a small decrease in CFU for 32777c
was seen at 4 h postinfection; however, after 24 h, the number
of CFU was similar to that seen at the 1-h time point (Fig. 3).
The number of CFU recovered from the cells infected with
32777 or mJ continued to decrease with time, and only 6% of
the original inoculums were recovered at 24 h postinfection
(Fig. 3). The mJTEH mutant displayed an intermediate phe-
notype at 4 h, consistent with the fact that more bacteria of this
strain were phagocytosed (Fig. 1). However, after 24 h, only
5% of the inoculum was recovered (Fig. 3). Collectively, the
results in Fig. 2 and 3 indicated that, compared to what was
seen for the plasmid-cured 32777c strain, more of the pYV�

bacteria phagocytosed were unable to survive and replicate. As
these restrictions on intramacrophage survival were similar for
the wild type and the two Yop mutant strains, it appeared that
the presence of a functional T3SS was the major determinant
of reduced survival of intracellular bacteria.

To investigate whether a functional T3SS was indeed causing
a survival decrease for the intracellular bacteria, a �yopB strain
was generated in the background of 32777. As expected, this
mutant strain still secretes other Yop proteins under low-cal-

FIG. 1. Phagocytosis of Y. pseudotuberculosis pregrown under moderate Yop-inducing conditions. (A) Expression of YopJ protein in Y.
pseudotuberculosis strain 32777 under different growth conditions. Lanes 1 and 2, overnight 32777 cultures were diluted into fresh LB with 20 mM
CaCl2 to an OD600 of 0.1 and cultured at 37°C for 2 h. Aliquots were washed once in HBSS and then resuspended and cultured for an additional
20 min in fresh LB-CaCl2 (lane 1) or tissue culture medium (as described in Materials and Methods) (lane 2). Lane 3, overnight culture was diluted
into LB with 20 mM MgCl2 and 20 mM sodium oxalate to an OD600 of 0.1 and cultured at 26°C for 1 h and 37°C for additional 1.5 h. The equivalent
of 5 	 107 CFU bacteria was lysed in 1	 Laemmli buffer and analyzed by immunoblotting using monoclonal anti-YopJ antibody and anti-DnaK
antibody. (B) BMDMs were infected at a MOI of 10 for 20 min with GFP-expressing 32777c, 32777, mJ, or mJTEH. Percentages of extracellular
and partially phagocytosed bacteria were identified after immunolabeling without permeabilization. From each experiment, about 100 BMDM-
associated bacteria were counted after sequential microscopic pictures of green and red fluorescent and phase-contrast pictures were taken. Data
are presented as the percentages of intracellular bacteria from total cell-associated bacteria. Values represent means and standard deviations
determined from three independent experiments. The percentage of intracellular 32777c was significantly different (P  0.01) from those for 32777
and mJ.
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cium conditions (data not shown; similar to what is described
for strain YP18 in reference 30). When tested under the intra-
cellular infection conditions for 24 h, the �YopB strain repli-
cated to the same extent as 32777c (Fig. 4A and C) and occu-
pied the BMDMs to a percentage similar to that seen for
32777c (Fig. 4A and B). The progressions of intracellular rep-
lication are also similar between the �YopB strain and 32777c
but are drastically different from that of 32777 (Fig. 4A and B).
One hour postinfection, the following majorities of BMDMs
infected with any strain contained one to five bacteria: 51%,
60%, and 53% in 32777c-, 32777-, and �YopB strain-infected
samples, respectively. At 5 h postinfection, in 32777c- and
�YopB-infected cells, the majority contained more than five
bacteria, reflecting the fact that more bacteria replicate intra-
cellularly. In contrast, in 32777-infected BMDMs, while the
percentage of cells carrying one to five bacteria decreased from
60% to 28%, the percentage of cells carrying more than five
bacteria increased only slightly, from 11% to 15%. In the
meantime, the percentage of bacterium-free cells increased
from 30% to 57% (Fig. 4B), suggesting that in wild-type 32777-
infected samples, more BMDMs were able to restrict and clear

the intracellular bacteria. In contrast, from 1 h to 5 h postin-
fection, in 32777c-infected BMDMs the percentage of cells
that contained no bacteria increased only slightly, from 8% to
14%. The corresponding quantity for �YopB strain-infected
cells is from 18% to 21%, a marginal increase as well. This
result supports the idea that the presence of a functional T3SS
decreases the survival of intracellular Y. pseudotuberculosis.

pYV-containing Y. pseudotuberculosis resided in a smaller
phagosome in BMDMs than did the plasmid-cured strain.
Thin sections of macrophages infected for 5 h were examined
by electron microscopy to determine if there were morpholog-
ical differences in the phagosomes containing pYV-cured,
wild-type, and Yop mutant Y. pseudotuberculosis. Macrophages
infected with 32777c contained large phagosomes typically oc-
cupied by multiple bacteria (Fig. 5A and B). Macrophages
infected with wild-type 32777 harbored bacteria that were
present in moderately sized or tight-fitting phagosomes (Fig.
5C and D). The phagosome morphologies observed in
BMDMs infected with the other pYV� strains, mJ (Fig. 5E and
F) and mJTEH (Fig. 5G and H), were similar to those seen for
32777-infected cells. The moderately sized phagosomes con-

FIG. 2. Survival and replication of Y. pseudotuberculosis inside BMDMs, as determined by fluorescence microscopy. BMDMs were infected with
the indicated strains that carried pGFP at a MOI of 10 for 1 h (A to D), 6 h (E to H), or 24 h (I to L). The survival of extracellular bacteria was
prevented by the use of gentamicin as described in Materials and Methods. GFP expression was induced from the surviving intracellular bacteria
with IPTG for 1 h before microscopic observation. Overlay images of phase contrast and green fluorescence from one experiment representative
of three are shown. Arrowheads in panels B and C indicate cells displaying cytotoxicity, as shown by round shapes.

FIG. 3. Survival of Y. pseudotuberculosis inside BMDMs, as determined by viable count assay. BMDMs were infected with the indicated strains
for 1, 4, or 24 h, as described for Fig. 2. At indicated times, the infected BMDMs were lysed and the CFU of intracellular bacteria determined
by a viable count assay, as described in Materials and Methods. Results shown are the means and standard deviations of log(CFU) from three
independent experiments with triplicate infection wells. P values are greater than 0.05 if not indicated.
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FIG. 4. Survival and replication of Y. pseudotuberculosis inside BMDMs, as determined by GFP induction and viable count assays. BMDMs
were infected with the indicated strains for 1, 4, or 24 h, as described for Fig. 2A. (A) Overlaid images of green fluorescence and phase contrast.
(B) From the random images in panel A, the numbers of BMDMs containing no bacteria (none), one to five bacteria per cell (1-5), or more (�5)
were enumerated and converted into percentages of total cells. Results shown are the means and standard deviations from two (for 1-h) or three
(for 5- and 24-h) experiments. More than 50 cells were counted for each condition of each experiment. (C) Twenty-four hours postinfection, the
CFU of intracellular bacteria was determined as described for Fig. 3. Results shown are the means and standard deviations of log(CFU) from three
independent experiments with duplicate infection wells.
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taining pYV� bacteria contained from one to several organ-
isms (Fig. 5C to H). Some of the pYV� bacteria in moderately
sized phagosomes appeared to be degraded (Fig. 5C and F).
Even though it cannot be ruled out that the BMDMs ingested
some dead bacteria killed by gentamicin in the medium, the
presence of partially degraded bacteria in BMDMs infected
with the pYV� bacteria but not pYV-cured bacteria in the EM
pictures, as well as the observed morphological differences
between phagosomes containing pYV-cured and pYV� bacte-
ria, is consistent with the idea that the insertion of the T3SS
translocon could result in more-efficient restriction of the sur-
vival of the internalized bacteria (38).

Apoptosis in BMDMs containing wild-type Y. pseudotuber-
culosis required YopJ and TLR4. We next investigated the
responses of the macrophages under these infection condi-
tions. First, we determined whether BMDMs undergo cell

death while harboring intracellular Y. pseudotuberculosis. Ini-
tially, cell death was measured by the amount of LDH released
during the course of infection. LDH is a cytosolic enzyme that
is released at the late stages of apoptosis, when the cell mem-
brane is sufficiently damaged. After BMDMs were infected
with wild-type 32777 for 21 h, �24% of total LDH was re-
leased (Fig. 6A). This amount is significantly different (P 
0.01) from the amounts of LDH released from the BMDMs
infected with 32777c, mJ, and mJTEH. Moreover, macrophage
cell death seems to have little impact on the initial survival of
the intracellular bacteria, as the release of LDH was not de-
tectable until �8 h postinfection (data not shown). In addition,
the decrease of intracellular bacteria is independent of the cell
death, because both mJ and 32777 survive to the same extents
intracellularly (Fig. 3) and only 32777 causes significant mac-
rophage death (Fig. 6A). The result obtained with mJ indicates
that YopJ catalytic activity is important for the death of mac-
rophages containing intracellular Y. pseudotuberculosis. Fur-
thermore, the result obtained with mJTEH indicates that the
absence of YopE and YopT catalytic activities did not result in
measurable cell lysis due to pore formation (43), most likely
due to the low MOI used.

Signaling through TLR4 is important for YopJ-induced

FIG. 5. Morphology of the BMDMs and intracellular bacteria, as
determined by thin-section electron microscopy. BMDMs were in-
fected for 5 h as described for Fig. 2 with 32777c (A and B), 32777 (C
and D), mJ (E and F), or mJTEH (G and H). Panels B, D, F, and H
are enlargements of phagosomes from panels A, C, E, and G, respec-
tively. Bars � 2 
m (A, C, and E), 1 
m (B), and 500 nm (D, F, G, and
H). Arrows in panels C and F indicate partially degraded bacteria.

FIG. 6. Cell death of infected BMDMs requires YopJ and TLR4.
BMDMs were infected with the indicated strains as described for Fig.
2 or were left uninfected. At 21 h postinfection, LDH released in the
medium was determined with a CytoTox 96 assay. Total LDH was
determined from two independent uninfected wells, in which all the
cells were lysed by a freeze-thaw cycle. (A) Values represent means
and standard deviations of percentages of LDH released from six
experiments with duplicate infection wells. The level of LDH released
from cells infected with 32777 (indicated with *) is significantly differ-
ent from those seen for cells infected with other strains or left unin-
fected (UI) but otherwise treated similarly (P  0.01). (B) BMDMs
prepared from C57BL/6 or C57BL/10ScNJ (Tlr4lps-del) mice were in-
fected with 32777 or mJ. Data shown are the means and standard
deviations of results from six infection wells from two independent
experiments. The P value was as indicated.
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death of macrophages during extracellular Yersinia infection
(18, 55). An LDH release assay was performed on infected
BMDMs from mice defective for expression of TLR4 (Tlr4lps-del)
to determine if TLR4 signaling is important for macrophage
cell death in response to intracellular Y. pseudotuberculosis.
The level of LDH release observed for Tlr4lps-del BMDMs
was reduced compared to that for control BMDMs after
infection with wild-type 32777 (Fig. 6B). Similar levels of
apoptosis were seen for Tlr4lps-del and control BMDMs in-
fected with mJ. This result indicated that TLR4 was neces-
sary for cell death in macrophages infected with intracellu-
lar Y. pseudotuberculosis.

As a more specific marker of apoptosis, the activation of
caspase-3 in macrophages infected with Y. pseudotuberculosis
was determined by immunofluorescence microscopy using an
antibody specific for cleaved caspase-3. In parallel, the pres-
ence of live bacteria in the BMDMs was determined by a GFP
induction assay (Fig. 7A). Six hours after infection, 14% of
BMDMs infected with wild-type 32777 were positive for the
cleaved caspase-3 (Fig. 7C). This level is significantly different
(P  0.01) from those seen for the BMDMs infected with the
other strains (Fig. 7C). GFP-positive bacteria could be de-

tected in BMDMs that were positive for cleaved caspase-3
(Fig. 7B). As a second marker of apoptosis, the fragmentation
of genomic DNA was assessed with terminal deoxynucleoti-
dyltransferase-mediated dUTP-biotin nick end labeling
(TUNEL). Six hours postinfection, 8.5% of BMDMs in-
fected with wild-type 32777 were TUNEL positive; again, this
level was significantly different (P  0.05) from the levels of
TUNEL-positive BMDMs that were infected with other strains
tested (Fig. 6D). Similarly, live bacteria could also be detected
in cells that were TUNEL positive (data not shown). Overall,
these results indicate that a fraction (�10% to 20%) of
BMDMs harboring wild-type Y. pseudotuberculosis under-
went apoptosis in a YopJ-dependent manner.

Bacterial protein synthesis after phagocytosis is required
for apoptosis of BMDMs containing intracellular Y. pseudotu-
berculosis. The above-described results indicate that macro-
phages containing wild-type 32777 undergo YopJ- and TLR4-
dependent apoptosis; however, they do not address whether
the intracellular bacteria contribute to the cell death. It was
possible that during phagocytosis, the translocation of YopJ
and the stimulation of TLR4 from the extracellular bacteria
were sufficient to trigger apoptosis under these infection con-

FIG. 7. Apoptosis of BMDMs, as measured by anti-cleaved caspase-3 immunostaining or TUNEL. BMDMs were infected with the indicated
strains for 6 h and GFP expression was induced during the last hour as described in the legend for Fig. 2. Cleaved caspase-3 was identified with
fluorescent microscopy after immunolabeling. Green color indicates the surviving bacteria and red the apoptotic cells. Images shown are
representative of three experiments. (A) Top, phase-contrast image of the infected cells; bottom, overlay of red and green fluorescent signals.
(B) Localization of intracellular 32777 with activated caspase-3 in the same cell. (C) Percentages of cleaved caspase-3 positive cells. *, The P value
is significantly different (P  0.01), comparing to all the others. (D) Percentages of TUNEL-positive cells, as determined by fluorescence
microscopy. *, P value of 0.05, comparing to all the others. For panels C and D, the percentages of apoptotic cells were determined after counting
the red apoptotic cell or nuclei among the total cells in a random field after sequential pictures were taken. Values shown are the means and
standard deviations from three independent experiments.
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ditions. To address this possibility, we asked if de novo protein
synthesis by intracellular Y. pseudotuberculosis was required for
apoptosis. To inhibit bacterial protein synthesis after phagocy-
tosis, chloramphenicol was added to the infected macrophages
20 min after infection, at the same time as gentamicin. Chlor-
amphenicol treatment prevented the replication of intracellu-
lar Y. pseudotuberculosis (data not shown) and did not induce
LDH release from uninfected BMDMs (Fig. 8A). Importantly,
chloramphenicol treatment reduced LDH release from wild-
type 32777-infected BMDMs to the level seen for uninfected
BMDMs (Fig. 8A). These results indicated that de novo pro-
tein synthesis by intracellular Y. pseudotuberculosis was re-
quired to induce macrophage apoptosis.

YopJ and bacterial protein synthesis have opposite effects
on TNF-� secretion from BMDMs containing intracellular Y.
pseudotuberculosis. TNF-� is an important cytokine in host
defense against Yersinia infection (31). YopJ is required for
Yersinia to inhibit TNF-� secretion from infected macrophages
(6, 30). To clarify the role of intracellular Yersinia in TNF-�
secretion, we used an enzyme-linked immunosorbent assay to
measure levels of TNF-� secreted by infected BMDMs. As
shown in Fig. 8B, high levels of TNF-� were secreted from the
BMDMs infected for 21 h with 32777c (�10.6 ng/ml) com-
pared to what was seen for 32777 (�3.8 ng/ml). High levels of
TNF-� were also secreted from BMDMs infected with mJ
(�6.9 ng/ml) or mJTEH (�7.1 ng/ml) compared to what was
seen for the wild-type 32777-infected BMDMs (Fig. 8B), indi-
cating that YopJ activity is mainly responsible for inhibiting
TNF-� secretion under these conditions. Furthermore, among
the three strains that lack YopJ, the virulence plasmid-cured
strain 32777c induced the highest level of TNF-� secretion
from the infected BMDMs, and the difference was statistically
significant (P  0.01) (Fig. 8B). The addition of chloramphen-
icol after phagocytosis reduced the levels of TNF-� secreted by
BMDMs infected with 32777c, mJ, and mJTEH to the level
seen for BMDMs infected with 32777. Collectively, these re-
sults suggest that de novo bacterial protein synthesis after
phagocytosis was required to stimulate proinflammatory cyto-
kine production and that YopJ functions to inhibit TNF-�
production.

DISCUSSION

Y. pseudotuberculosis is considered primarily an extracellular
pathogen, and the plasmid-encoded T3SS has been studied
largely with respect to its role in promoting the extracellular
phase of Y. pseudotuberculosis pathogenesis (50). However, an
early intracellular stage may be important for Y. pseudotuber-
culosis pathogenesis (14, 35, 47). Our results confirmed that
phagocytosis inhibition by Yops is not complete (15, 36), as
roughly 40% of the wild-type bacteria that came in contact with
macrophages were taken up (Fig. 1). We found that the pres-
ence of a fully functional T3SS strongly restricted the intracel-
lular survival of the bacteria, as only a small percentage of the
pYV� wild-type Y. pseudotuberculosis internalized under these
conditions survived and replicated. Although the presence of
the T3SS appeared to restrict the intracellular survival of the
bacteria, it also allowed the bacteria to translocate YopJ and
induce macrophages to undergo apoptosis. These findings ex-
pand our understanding of how the T3SS modulates the im-
mune response to Yersinia infection.

Previous studies have shown that pYV-containing strains of
Y. pseudotuberculosis can survive and replicate in murine mac-
rophages in vitro (14, 38, 47). In these studies, the bacteria
were grown at 28°C to stationary phase prior to infection, so
the T3SS and the Yops were not efficiently translocated during
phagocytosis. Under this infection condition, the majority of
the intracellular bacteria survived inside the macrophage for
several hours without obvious survival restriction before they
started to replicate (14, 47). Our study was carried out with
bacteria grown at 37°C to log phase in the presence of Ca2� to
prime moderate T3SS and Yop expression (Fig. 1A), and we
used a low MOI (10) in an attempt to mimic bacterial growth
and infection conditions at early stages of in vivo pathogenesis.
The fact that a high number of mJTEH bacteria were phago-
cytosed (�70%) compared to what was seen for wild-type
32777 or mJ (�40%) (Fig. 1B) confirmed that the growth and
infection conditions used were sufficient to allow functional
levels of antiphagocytic Yops to be translocated during uptake.
Interestingly, bacteria internalized under these growth condi-
tions experienced a significant survival restriction if they car-
ried a functional T3SS but not when they lacked the virulence

FIG. 8. Role of bacterial protein synthesis in BMDM apoptosis and TNF-� secretion. BMDMs were left uninfected (UI) or were infected with
the indicated strains for 21 h, as described for Fig. 2. When used, chloramphenicol (Cam) was added together with gentamicin (Gm). (A) LDH
released in the medium was determined with a CytoTox 96 assay. P values of the pairs being compared are as indicated. (B) Secretion of TNF-�
from infected BMDMs, as measured by enzyme-linked immunosorbent assay. Values represent means and standard deviations from seven
(Gm-only) or three (Gm-and-Cam) independent experiments with duplicate infection wells. The TNF-� concentrations from the BMDMs left
uninfected ranged from undetectable to 0.043 ng/ml.
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plasmid (Fig. 2 and 3) or YopB (Fig. 4). Nevertheless, a small
fraction of the internalized pYV� bacteria survived the restric-
tion and replicated within macrophages (Fig. 3 and 4). We also
found that 32777 grown to log phase at room temperature has
an impaired ability to induce apoptosis, even though it still
induces significantly more LDH release than seen for the
BMDMs infected with 32777c or left uninfected (data not
shown). Overall, these results suggest that the extent to which
Y. pseudotuberculosis will replicate in macrophages in vivo de-
pends on the growth condition and the level of T3SS and Yop
expression at the time of contact with macrophages. The sur-
vival of Legionella pneumophila inside phagocytes also depends
on the growth condition prior to infection (25). We hypothe-
size that the surviving pYV� intracellular bacteria could con-
tribute to pathogenesis by subsequently escaping the macro-
phage and entering into the extracellular phase of growth that
is essential for virulence, for example.

Roy et al. studied whether the deployment of a T3SS trans-
locon by a bacterium during phagocytosis could be responsible
for triggering increased phagosome-lysosome fusion via a pro-
cess controlled by synaptotagmin VII (38). In that study, wild-
type BMDMs were infected with a �yopEHT mutant of Y.
pseudotuberculosis, and results of a GFP induction assay
showed a decrease in intracellular bacterial viability at 6 h
postinfection. This decrease in viability was not observed when
BMDMs from mice deficient in synaptotagmin VII were in-
fected with the �yopEHT mutant or when Y. pseudotuberculosis
lacking a functional T3SS (ysc mutant) was used to infect
wild-type macrophages (38). Based upon this result it was
suggested that synaptotagmin VII-mediated phagosome-lyso-
some fusion might require pore formation, an activity apparent
in �yopEHT mutants but not in wild-type or ysc mutant strains
at a high MOI (�100) (38, 49). Using a low MOI and condi-
tions that did not result in measurable pore formation or LDH
release by macrophages infected with the mJTEH mutant (Fig.
6A), we found that the wild-type pYV� strain and the mJTEH
mutant underwent similar intracellular survival restrictions
(Fig. 2, 3, and 5), but not the �YopB strain, which is defective
in forming the translocon (Fig. 4). This is an important result,
as it suggests that the normal process of translocon channel
insertion and Yop delivery across nascent phagosomal mem-
brane by wild-type Y. pseudotuberculosis is sufficient to gener-
ate the calcium signal sensed by the macrophage, resulting in
increased phagosome-lysosome fusion (38).

In addition to restricting the intracellular survival of pYV�

bacteria, a portion of the macrophages infected with wild-type
Y. pseudotuberculosis underwent apoptosis in a YopJ- and
TLR4-dependent manner (Fig. 6B and 7). It is possible that
amounts of YopJ sufficient to allow the subsequent initiation of
apoptosis are translocated during the 20-min period of phago-
cytosis. Alternatively, the intracellular bacteria may actively
contribute to apoptosis. To distinguish between these two pos-
sibilities, chloramphenicol, which blocks bacterial protein syn-
thesis and inhibits intracellular bacterial replication, was added
to infected macrophages. Interestingly, chloramphenicol treat-
ment reduced the apoptosis of cells infected with wild-type Y.
pseudotuberculosis (Fig. 8A). It is possible that chlorampheni-
col treatment decreases the expression and translocation of
YopJ after the completion of phagocytosis. Our preliminary
evidence suggests that YopJ can be translocated across the

phagosomal membrane when it is ectopically expressed within
intracellular Y. pseudotuberculosis (Y. Zhang, unpublished ob-
servations). Our current hypothesis is that under the normal
operating conditions of the T3SS, YopJ is delivered during
phagocytosis and shortly after the completion of phagocytosis
to reach levels sufficient to trigger apoptosis.

Previously, it was found that TLR4 was important for Yersinia-
induced macrophage apoptosis under infection conditions
where Yops were maximally induced before infection and the
extracellular bacteria were allowed to grow for several hours
after infection (18, 55). However, TLR4-deficient macro-
phages were not completely resistant to apoptosis, suggesting
that other mechanisms also activate the cell death pathways. In
contrast, under the intracellular infection condition, TLR4
seemed to be the main receptor involved in activating the
apoptotic pathway (Fig. 6B). It is interesting that the require-
ment for TLR4 in macrophage apoptosis by intracellular Y.
pseudotuberculosis is similar to that observed in studies of de-
layed macrophage cell death induced by S. enterica serovar
Typhimurium. Intracellular S. enterica serovar Typhimurium
can kill macrophages by a delayed mechanism of cell death
that requires a T3SS encoded in Salmonella pathogenicity is-
land 2 (48) as well as TLR4 (17).

It is becoming increasingly clear that T3SS effectors deliv-
ered during the phagocytosis of pathogenic bacteria can play
important functional roles at later stages of the host-pathogen
interaction. T3SS-1 in S. enterica serovar Typhimurium is ex-
pressed by extracellular bacteria, promotes bacterial invasion
into host cells, and is subsequently downregulated in the intra-
cellular environment (40). SopB, a phosphatidylinositol phos-
phatase that is delivered into host cells by T3SS-1, contributes
to bacterial uptake but also participates in an early step of
phagosome maturation and continues to stimulate host signal-
ing pathways long after the invasion step is complete (11, 20,
40). We have presented evidence that YopJ, delivered during
the initial stages of bacterium-host cell interaction, impacts the
intracellular pathogenesis of Y. pseudotuberculosis by decreas-
ing the synthesis of TNF-� and by inducing macrophages to
undergo apoptosis. Even if the majority of internalized Y.
pseudotuberculosis is killed by the macrophages and cannot
benefit directly from these activities, it is possible that they
impair the host immune responses sufficiently to promote
pathogenesis by the entire population. For example, the apop-
tosis of macrophages might decrease the class II presentation
of antigens derived from degraded Y. pseudotuberculosis in
phagolysosomes.
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